ABSTRACT. The immaturity of antioxidant capacity in sion injury involving a variety of organs including heart (2) and the lung in preterm newborn infants is postulated to con-kidney (3). The antioxidant enzymes, comprised of cytosolic tribute to the development of hyperoxic lung injury. An-CuZnSOD, mitochondrial MnSOD (EC 1.15.1. I), GPX (EC tioxidant enzymes in fetal lung, comprised of copper-zinc 1.1 1.1.9), and CAT (EC 1.1 1.1.6), afford protection by reducing (cytosolic) and manganese (mitochondrial) superoxide dis-the cellular concentration of active oxygen species (4). In special mutases, glutathione peroxidase, and catalase, have been relevance to bronchopulmonary dysplasia, several previous studreported to increase during the late gestational period. To ies focused on prenatal development of pulmonary antioxidant determine whether such maturation of antioxidant capacity enzymes in the rat (5-8). The activities of total SOD, GPX, and occurs in other tissues, we have evaluated the development CAT in lung were invariably found to be low before term and of these four enzymes from d 18 to 22 of gestation in rat the low activities are considered to account, in part, for the lung, kidney, and heart. To resolve the confusion in the vulnerability of premature newborn lung to hyperoxia. However, reported levels of lung superoxide dismutases, the two the two SOD isoenzymes were measured in only two previous isoenymes were assayed separately by specific RIA. The studies (7, 8) and the data were conflicting. growth of the kidney exceeded that of the whole body Part of the confusion is due to the limited sensitivity and during this period, while the growth of the lung and heart specificity of the biologic SOD activity assays generally used. The did not. The concentrations of the four antioxidant enzymes activity assays detect all SOD-like activities, and are not specific in lung and kidney increased in a stepwise manner during to each form of intracellular SOD. Furthermore, a relatively low this period, and the magnitude of the change for each concentration of MnSOD in the tissues of rats compared with enzyme was greater in the kidney than in the lung. On the that in other species (9) makes biologic activity assays more other hand, the only significant change in the concentra-prone to interference when applied to rat tissue homogenate. tions of heart antioxidant enzymes observed was a mild The specific RIA for rat MnSOD and CuZnSOD (10) have increase in the glutathione peroxidase concentration from obviated the concerns regarding activity assays for SOD, although d 20 to 22. These results suggest that the prenatal matu-they do not measure biological activity. These assays have enration of antioxidant capacity occurs earlier in the heart abled us to measure CuZnSOD and MnSOD accurately not only and later in the kidney than in the lung, and that the in fetal lung, but also in smaller tissues in fetal rat. immaturity of antioxidant capacity could make the fetal In our present study, we evaluated the development of Curat kidney vulnerable to free radical-mediated injury. (Pe-ZnSOD, MnSOD, GPX, and CAT from d 18 to 22 of gestation diatr Res 27: 472-475, 1990) in rat lung, kidney, and heart. Using the specific assays, we demonstrated that both CuZnSOD and MnSOD in the lung Abbreviations increased significantly during the observation period. We also revealed that a maturation of antioxidant enzymes similar to CuZnSOD, copper-zinc superoxide dismutase that in the lung occurred in the kidney. MnSOD, manganese superoxide dismutase GPX, glutathione peroxidase CAT, catalase MATERIALS AND METHODS
SOD, superoxide dismutase
Animal treatment. Female Sprague-Dawley rats (Japan SLC Inc., Shizuoka, Japan), age 12 to 14 wk, were allowed free access to water and standard feed. Breeding was accomplished by placing male and female rats together overnight and checking for In recent years, increasing clinical and experimental data have sperma-pos~t~ve vaginal smears the next morning. The midpoint provided evidence that cell mediated by active oxygen of the cohabitation was considered the onset of pregnancy. species contributes to the pathogenesis of events in numerous Premature pups were delivered by hysterotomy with the dam diseases such as h~~e r o x i c lung injury ( 1 ) and ischemia-re~erfu-under pentobarbital anesthesia (20 1 Fmol/kg; 50 rng/kg) on d
Received August 14, 1989 ; accepted January 10, 1990. 18, 20, or 22 of gestation. The litters consisted of 10 to 13 pups.
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The pups were immediately weighed and decapitated before of Pediatrics, Yamanashi Medical College, 11 10 Shimokato, Tamahocho, Nakabreathing occurred. T~~ to four litters were killed komagun, Yamanashi 409-38, Japan. Supported in part by Grant-in-Aid 63570431 from the Ministry of Education at each time point of the study. The lungs, kidneys, and hearts (Japan).
were excised, washed with PBS, and blotted with gauze: The PRENATAL DEVELOPMENT O F SOD, GPX, AND CAT 47 3 organs were weighed and pooled to obtain at least 80 mg of tissue for each sample, and then kept frozen at -80°C. Homogenate preparation and biochemical analyses. The tissues were homogenized with 20 times their vol of 10 mM potassium phosphate buffer containing 0.0 1 % digitonin (pH 7.4) in a Potter-Elvehjem type glass-Teflon pestle homogenizer (Wheaton Instruments, Millville, NJ), and then sonicated on ice for 30 s (15 s x 2), using an Ultrasonic cell disrupter UR-200P (Tomy Seiko, Tokyo, Japan). The sonicate was centrifuged at 13 000 x g for 5 min, and the supernatant was stored frozen in aliquots at -80°C until assayed.
The RIA for CuZnSOD and MnSOD have been described (10) . The technical data for these assays are as follows. The sensitivity, defined as the minimum concentration of enzyme that displaced 5% of radioactivity from antibody sites, was 28 pM at the antiserum dilution of 1:2.5 x lo5 for MnSOD assay, and the dilution curve of the rat liver homogenate paralleled the standard curve at the concentrations ranging from 56 to 909 pM. The sensitivity for the CuZnSOD assay was 91.8 pM at the antiserum dilution of 1:5 x lo4 and parallelism was obtained at concentrations ranging from 184 pM to 2.94 nM. When the eluate from gel filtration chromatography was assayed, a single authentic peak of immunoreactivity was recovered for both MnSOD and CuZnSOD. Intraassay coefficient of variation was 9.1% for the MnSOD and 6.8% for the CuZnSOD assay. Interassay coefficient of variation was 9.2% for the MnSOD and 1 1.7% for the CuZnSOD assay. The labeled enzyme was stable for 2 wk when stored unfrozen at 4°C. The immunoreactivity for both MnSOD and CuZnSOD was stable when stored at -80°C, even after three cycles of freezing and thawing.
GPX activity was assayed by the method described previously (1 1). CAT activity was assayed spectrophotometrically and calculated using the first order rate constant (1 2) in the samples of kidney and heart. Because the CAT activity in the samples of lung was below the detection limit of this assay, the activity in the lung homogenates was assayed polarographically with a type PO-100A oxygen electrode (Yanagimoto Mfg. Co., Ltd., Kyoto, Japan) as described previously (13) . Protein was measured by the technique of Lowry et a/. (14) .
Statistics. The data are presented as the means -t SEM. Statistical significant was determined by the method of least significant difference, calculated after one-way analysis of variance.
RESULTS
Body wt, organ wt, and organ/body wt of fetal rats. Table 1 lists the number of litters studied, total numbers of pups, the body wt, organ wt, and organ wt relative to body wt of the fetal rats. The fetus grew rapidly (2.5-fold) between d 18 and 20, but more slowly (1.5-fold) between d 20 and 22. Similarly, the wt of lung, kidney, and heart increased markedly between d 18 and Figure 1 . The level of each enzyme studied increased in a stepwise manner from d 18 to 22. The increases in the concentrations of CuZnSOD, MnSOD, GPX, and CAT from d 18 to 22 were 1 5 , 2.2-, 1.4-, and 2.5-fold, respectively. Table 2 lists the relative increase in mean total enzyme content per organ calculated as the product of the concentration per g tissue x mean organ wt and expressed as the ratio to the value at d 18. From d 18 to 20, the increase in each antioxidant enzyme per lung paralleled the organ growth (i.e. approximately 2.5-fold). On the other hand, the increase in each enzyme from d 20 to 22 exceeded the lung growth rate.
Antioxidant enzymes in kidney homogenate. As shown in Figure 2 , the concentration of each antioxidant enzyme also increased in the kidney in a stepwise manner, and more markedly than in the lung. The increases in the concentrations of CuZnSOD, MnSOD, GPX, and CAT from d 18 to 22 were 1.7-, 2.5-, 2.1-, and 3.3-fold, respectively. The rate of increase in the mean kidney content of each enzyme exceeded the organ growth rate throughout the observation period ( Overall increase per from l8 to 22 was more than lo-the fetal rat lung, but also in the kidney. The magnitude of the fold for each enzyme.
change observed was different depending on the organ studied;
Antixoidant enzymes in heart homogenate. In contrast to the the change was greater in the than in the lung, and was stepwise increase observed in the lung and kidney, the concen-much less remarkable in the hean. Several previous studies trations of antioxidant enzymes in the heart were relatively stable evaluated the prenatal development of antioxidant in this period (Fig 3 , The Only 'knificant change Observed rat lung (5) (6) (7) (8) , liver (15, 16) , and brain (17) To our knowledge, was a mild increase in the GPX concentration from d 20 to 22 . there has been no previous dealing with the prenatal The increase in the mean contents Per Organ was parallel development of in fetal rat kidney or hean. to the organ growth rate.
It is known that a r a~i d structural develovment takes dace in DISCUSSION fetal rat lung and kidney from d 18 to 22.1; the lung, p&pheil branching and lengthening of terminal tubules and marked widOur study disclosed that the levels of antioxidant enzymes ening of the air spaces results in the formation of acini with airincreased in a stepwise manner during late gestation not only in blood barriers (1 8). The alveolar epithelial cells begin to differ-PRENATAL DEVELOPMENT OF SOD, GPX, AND CAT 475 entiate into several types. In the kidney, juxtamedullary nephrons are formed mainly during this period (19) . In both organs, further structural development proceeds in the postnatal period. In contrast, both structural and functional development of the heart occurs mainly in the early gestational period, with minimal structural development thereafter (20) . The heart exhibits the general external shape of the adult heart by the end of the embryonic stage (20) . Our findings that the antioxidant enzymes increased rapidly in the kidney and lung but minimally in the heart during late gestation may be related to a different profile of tissue development in the heart from that in the kidney and lung. Tissue development is characterized by cellular differentiation. Studies on a wide variety of cell types indicate that total SOD increases during cellular differentiation (18) . Both CAT and GPX have also been reported to increase in certain less generalized cell types during development (21) . Thus, tissue development is postulated to be associated with an increase in antioxidant capacity. Whether this increase is a general phenomenon and occurs in all cell types or is confined to specific cell types needs to be determined in further studies.
Both GPX and CAT in fetal rat lung have been reported to increase almost 2-fold in the last 2 d of gestation (5, 6) . From d 18 to 22, they were found to increase 5-fold by Tanswell et al. (7) , and approximately 2.5-fold by Gerdin et a/. (8) , the magnitude of the changes in the latter study being similar to that observed here. On the other hand, the increase in SOD described in these studies appears to be less consistent than the increase in GPX and CAT. Total SOD activity increased approximately 1.5-fold in the last 2 d of gestation in the two studies (5, 6) . Only
Tanswell et a/. (7) and Gerdin et al. (8) attempted to measure the activities of CuZnSOD and MnSOD separately in the fetal rat lung. According to the former authors, the CuZnSOD increased 10-fold but MnSOD, the predominant SOD in fetal lung by their assay, decreased concurrently. As a whole, total SOD activity was increased only 20% in their series of experiments.
Likewise, Gerdin et a/. (8) observed that total SOD activity was increased only 30%. However, they found that MnSOD represented about 30% of the total SOD activity, and speculated that the discrepancy between Tanswell et al.'s data and theirs was due to the different biologic activity assays used.
To resolve this contradiction, Gerdin et a/. (8) noted the need for the use of specific immunoassays for CuZnSOD and MnSOD, as were used here. Our study revealed that immunoreactive MnSOD represented about 15% of the total SOD in the fetal lung, and that both CuZnSOD and MnSOD increased significantly from d 18 to 22. Thus, the four antioxidant enzymes in the fetal lung studied here increased simultaneously during the late gestational period. We have observed in hyperthyroid rat muscles that a sole increase in MnSOD not accompanied by a concurrent increase in the other antioxidant enzymes did not protect the tissues against oxidant challenge (13) . It is also hypothesized that the induction of antioxidant enzymes must be balanced to be effective (22) . Thus, the balanced increase observed here would enhance the antioxidant capacity of the cells.
The relative increase in mean total enzyme content from d 18 to 22 was less than 10-fold in the lung and greater than 10-fold in the kidney for each antioxidant enzyme. The drastic increase in the kidney enzymes during the late gestational period suggests that prenatal maturation of antioxidant capacity occurs later in the kidney than in the lung and, accordingly, that the fetal rat kidney is very immature in terms of antioxidant capacity. As suggested in the fetal rat lung (5) (6) (7) (8) , the immaturity of antioxidant capacity revealed by our study could make the fetal rat kidney vulnerable to free radical-mediated injury. Accumulating experimental evidence suggests that ischemia-reperfusion injury mediated by active oxygen species can be a mechanism of renal tubular damage, leading to acute tubular necrosis (3, 23) . Perinatal asphyxia and hypoxia is known to accompany ischemic renal dysfunction (24) . We cannot extrapolate the development of antioxidant enzymes in human fetus from the results obtained in the rat. Although our results support the contention that free radical-mediated injury could be a mechanism for the perinatal ischemic renal damage, the pathophysiologic implications of the rapid increase in the kidney antioxidant enzymes observed here still need to be elucidated.
